vegetative cells are starved for methionine, unmethylated 20S RNA is found. The 20S RNA, which had previously been observed only in cells undergoing sporulation, accumulates at the same time as a methylated 18S RNA. These effects on ribosomal RNA synthesis are specific for methionine limitation, and are not observed if protein synthesis is inhibited by cycloheximide or if cells are starved for a carbon source or for another amino acid. The phenomena are not marker specific as analogous results have been obtained for both a methioninerequiring diploid homozygous for metl3 and a diploid homozygous for met2. The results demonstrate that methylation of ribosomal RNA or other methioninedependent events plays a critical role in the recognition and processing of ribosomal precursor RNA to the final mature species.
The conditions that enable diploid cells of Saccharomyces cerevisiae to sporulate are considerably different from those that support vegetative growth (6, 7, 18, 28) . Diploid cells that have been preadapted to growth on an oxidative carbon source will sporulate when placed in a medium such as potassium acetate in the absence of a nitrogen source (3, 4, 6) . Sporulation occurs under pseudo-starvation conditions so that continued biosynthesis of deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and protein depends on the depletion of preexisting pools of nucleotides and amino acids within the cell, and on greatly increased turnover of nucleic acids and protein (3, 5) . Compared to vegetative growth doubling times of 2 to 3 h, sporulation is a slow process in which premeiotic DNA synthesis is not completed until approximately 10 h, and the appearance of mature ascospores requires about 20 h (3, 5) .
Only diploid cells heterozygous for the mating type alleles (a/ce) are capable of completing sporulation (22) . Premeiotic DNA synthesis occurs in a/ce cells, but not in diploids of a/a or a/ct genotype (23) . However, there is very little difference between sporulating and nonsporulating diploid strains in terms of the synthesis of lipids (9) , carbohydrates (12) , or protein and total RNA (10) . Few sporulationspecific biochemical events have been identified.
One sporulation-specific event that has received attention is the appearance of 20S RNA (1 1, 26) . This species has been found only in a/ca diploids and not in haploid or diploid strains placed in sporulation medium (11) . The new species appears during the period that 26S and 18S ribosomal RNA (rRNA) are synthesized, and accumulates as a stable species. 20S RNA quite different from a transient, methylated 20S precursor to 18S RNA found in vegetative cells (30) .
Of the possible changes in the environment and physiology of sporulating cells that might cause the appearance of unmethylated 20S RNA, a restriction in the degree of methylation of some of the ribosomal precursor RNA seemed to us most likely. We therefore constructed methionine-requiring a/a diploid strains to determine whether the level of accumulation of 20S RNA is dependent on the availability of a methyl donor. We also examined the possibility that methionine limitation of vegetative cells would also result in the appearance of unmethylated 20S. RNA. Our results show that methionine-dependent events play a central role not only in the appearance of unmethylated 20S RNA in vegetative cells, but also in the maintenance of an equimolar accumulation of 26S and 18S ribosomal RNA. We have interpreted these observations in terms of a model for rRNA processing in which the probability of complete methylation of precursor RNA determines the ratio of 26S, 20S, and 18S RNA.
MATERIALS AND METHODS
Strains. Two Isolation of RNA. Cells were harvested by centrifugation, washed in water, and suspended in 0.01 M tris(hydroxymethyl)aminomethane (Tris) (pH 7.4), 0.1 m NaCl, 0.003 M sodium ethylenediaminetetraacetate (EDTA), 20% glycerin, and 1 M sorbitol, and then broken in a French press by the method described by Bhargava and Halvorson (1) . The lysate was mixed with an equal volume of distilled, water saturated phenol preserved with 0.1% 8-hydroxyquinoline. The emulsion was shaken in a wrist-action shaker at 4 C for 15 min, and the phases were separated by centrifugation for 10 min in a Sorvall HB4 swinging-bucket rotor at 8,000 x g. The aqueous layer was retained and extracted with phenol twice more. The final aqueous layer was extracted four times with an equal volume of anhydrous ether to remove phenol. The aqueous phase was then mixed with 2 volumes of cold ethanol and RNA-precipitated for 1 h at -20 C. The precipitate was collected by centrifugation at 8,000 x g for 10 min, resuspended in TES buffer (0.01 M Tris [pH 7.4], 0.1 M NaCl, and 0.003 M EDTA), and reprecipitated by ethanol to remove some carbohydrate. The second precipitate was collected by centrifugation and dried in a desiccator under vacuum at room temperature. The dried RNA was resuspended in TES buffer.
Polyacrylamide gel electrophoresis. Polyacrylamide disk gels were prepared by the method of Loening (15) . In general, large rRNA species were resolved by the electrophoresis of RNA on 3% polyacrylamide gels, 0.9 by 10 cm, run for 12 h at 8 mA per gel. Examination of smaller-molecular-weight RNA was carried out on 4% polyacrylamide gels run for 3 h at 10 mA per gel.
Frozen gels were sliced into 1-mm sections on a Joyce-Loebel gel slicer. For gels which contained S2P and 14C, the slices were dried on filter paper strips and Gels containing tritium were analyzed by placing each slice in a disposable 3-dram (about 10 ml) glass vial to which was added 1 ml of a solution containing 58.5% Protosol (New England Nuclear), 39% 
RESULTS
The diploid strain Ji, which requires both methionine and leucine, was used to study the effect of methionine limitation on the synthesis of rRNA during sporulation. Sporulation of strain Jl depended on the addition of methionine to the medium, as shown in Table 1 . The pattern of rRNA synthesis was also changed by the availability of methionine (Fig. 1 ). In the presence of methionine, the gel electrophoresis pattern of RNA which accumulates during spor- ulation is similar to that observed with other diploid strains (11, 26) . 26S RNA and 18S RNA were made in the same equimolar proportion as was found in vegetative cells; a significant amount of 20S RNA also appeared. On the other hand, when methionine was absent from sporulation medium, the accumulation of rRNA became asymmetric (Fig. iB) . Newly synthesized 18S RNA and 20S RNA accumulated during incubation in sporulation medium, but virtually no new 26S RNA was found.
The effect of methionine limitation during sporulation appeared to be primarily on the de novo synthesis of 26S RNA. The 26S RNA labeled with "4C during vegetative growth was not selectively degraded, and was still found in an equimolar ratio with "C-labeled 18S RNA. Methionine limitation had very little effect on the total amount of 18S RNA synthesized in the presence or absence of methionine, as seen by a comparison of the amount of 32P-labeled 18S
RNA synthesized during sporulation relative to 18S labeled with l4C during the vegetative phase ( Fig. 1 ). It should be emphasized that the amount of new rRNA synthesized during sporulation represented approximately 50% of the total rRNA found at the end of sporulation. This was clearly illustrated by densitometer tracings of stained polyacrvlamide gels of the RNA isolated after incubation in the presence or absence of methionine (Fig. 2) . The lack of new 26S RNA synthesis in the absence of methionine was reflected in a markedly reduced 26S RNA peak relative to 18S RNA (Fig. 2B ). The pattern was identical to that which would be obtained by adding the "C and 32P pattems in Fig. 1 . Thus, methionine limitation during sporulation of strain J1 resulted in a lack of accumulation of 26S RNA without significant alteration of the synthesis of 18S rRNA.
Appearance of 18S RNA in ribonucleoprotein particles. The 18S RNA that was produced during sporulation in the absence of 26S RNA accumulation sedimented as a particle that is quite similar to a normal ribosomal subunit. This is shown clearly in the sedimentation of 60S and 40S ribosomal subunits in sucrose gradient (Fig. 3) . Cells that were prelabeled during vegetative growth with ["CC]adenine were incubated in sporulation medium containing 32P, in the presence and absence of methionine. After 12 h the cells were harvested and the ribosomal subunits were prepared as described in Materials and Methods. When methionine was present during sporulation, newly synthesized RNA appeared in both the 60S and 40S ribosomal subunits (Fig. 3A) (Fig. 3B ). This experiment indicated that 18S RNA (and possibly 20S RNA) made in the absence of 26S RNA was nevertheless incorporated into a particle similar, if not identical to, the 40S ribosomal subunit.
Concentration range of methionine dependence of sporulation and RNA synthesis. When small amounts of methionine were added to sporulation medium, both the percent of sporulation and the amount of 26S RNA which accumulated relative to 18S production increased. Sporulation and 26S RNA exhibited very similar methionine concentration dependence (Fig. 4) . For example, if 0.05 mM methionine was added to the medium, the percent of sporulation was approximately 80% of that observed when higher concentrations of methionine were added, and the amount of 26S RNA that accumulated was about 85% of maximum (Fig. 5) .
Methionine dependence for sporulation was also observed in another methionine-requiring diploid, J2 (homozygous for met2). Methionine dependence during sporulation of both strains Jl and J2 was also observed when cells were sporulated after exponential vegetative growth in acetate medium.
Effect of methionine concentration on 20S RNA. The 20S RNA synthesized during sporulation was found even in the presence of high concentrations of methionine; however, one could observe a change in the proportions of 20S RNA and 18S RNA over a range of methionine concentration. In the absence of added methionine, strain Jl synthesized 20S and 18S RNA in a ratio of 0.51 (Fig. 1B) . The presence of 200 mM methionine in sporulation medium resulted in a ratio of 0.31 (Fig. 1A) , whereas at an intermediate methionine concentration (Fig. 5 molecule. It was, therefore, of interest to determine whether the accumulation of 5.8S RNA during sporulation was also methionine dependent. Labeled RNA was extracted from cells sporulating in the presence or absence of methionine and separated by gel electrophoresis. Figure 6 shows the region of the polyacrylamide gels containing 5.8S, 5S, and 4S RNA. 5 Because rRNA synthesis is much slower during sporulation than during vegetative growth (26), labeling of RNA for a 2-h interval yields a pattern on gel electrophoresis in which the 35S initial ribosomal precursor, 27S and 20S secondary precursors, and the mature 26S and 18S species are normally all seen. After 6.5 h in sporulation medium, strain Jl was labeled with [3H Jadenine for 2 h and the RNA was extracted for gel electrophoresis (Fig. 7) . RNA synthesized in the presence or absence of methionine contained a distinct 35S rRNA precursor. As compared to RNA synthesized in the presence of methionine, the 27S precursor in the methionine-limited RNA extract was distinctly diminished, and virtually no 26S RNA was seen. The rate of degradation of 26S RNA or its 27S precursor must have been rapid (t½ < 1 h) to yield no 26S RNA in the 2-h labeling interval.
The presence of a 35S RNA component even when 26S RNA was not found suggested that the effects of methionine limitation during sporulation were exerted after the transcription of a complete 35S precursor. A clearer demonstration could be accomplished by following the fate of labeled 35S precursor RNA in the absence of additional RNA synthesis. After incubation of Jl without methionine for 6.5 h, cells were labeled for 40 min with [3H ]adenine and then allowed to continue RNA processing, after the addition of a large excess of unlabeled adenine to prevent further accumulation of labeled RNA. After 60 min (Fig. 8) , tritium radioactivity was found primarily in the 35S precursor h, the cells were labeled with 13 (Fig.  10A ). Cells supplemented with methionine but without leucine showed a drastically reduced synthesis of both stable rRNA species, but the ratio of 26S and 18S RNA remained approximately equimolar (Fig. 10C) . On the other hand, cells supplemented with leucine but without methionine showed the same asymmetric production of rRNA that was observed during sporulation (Fig. 10B) When the methionine-requiring diploid strain J2, homozygous for met2, was examined under similar conditions of vegetative starvation for methionine, exactly analogous results were obtained.
Lack of methylation of 20S RNA from methionine-limited vegetative cells. The appearance of a stable 20S RNA in vegetative cells raised an important question: is this 20S form fully methylated as is the normally short-lived vegetative precursor of 18S RNA (30) , or is it unmethylated similar to that observed during sporulation? The degree of methylation of 20S RNA that accumulated during methionine starvation of vegetative strain JI was examined by labeling with [methyl-3H]methionine. The specific activity of the tritiated methionine was high enough so that the final concentration of methionine was low enough (0.2 x 10-3 mM) not to perturb the asymmetric accumulation of rRNA (cf. Fig. 3) .
Vegetative Ji cells were starved for either methionine or leucine, as described above, and then labeled with [methy1-3H]methionine and ["4C]adenine. After 3 h, the RNA was extracted and separated on polyacrylamide gels (Fig. 11) . Cells starved for leucine showed an insignificant production of RNA and no incorporation of methyl groups into any RNA. On the other hand, cells starved for methionine (Fig. llB) showed an accumulation of methyl label in the 18S fraction but not in the 20S component that was observed by '4C incorporation. It appeared that the 20S RNA that could be produced under these vegetative starvation conditions was in fact similar to the 20S RNA observed during sporulation, in that neither was extensively methylated (Fig. 11B) (26, 30) . The idea that the synthesis of rRNA and ribosomal subunits is tightly regulated has been given more support by studies of nine different mutants of yeast temperature sensitive for rRNA production (8) in which neither one ribosomal subunit nor one rRNA species accumulated in the absence of the other at the restrictive temperature (32) . In contrast, when methionine-requiring strains are restricted for methionine, the synthesis of rRNA becomes markedly asymmetric-18S RNA is found without a concomitant formation of 26S or 5.8S RNA. The 35S precursor RNA common to all three rRNA species is synthesized even in the absence of methionine, so that the lack of accumulation of 26S and 5.8S RNA apparently occurs by a restriction in one or more processing steps leading to the 27S precursor or to the final 26S and 5.8S cleavage products. Because general protein synthesis inhibitors or other modes of inhibition do not yield an asymmetric accumulation of rRNA, we assume that the essential methionine-dependent process involves the methylation of rRNA.
Our results with S. cerevisiae differ from those reported for S. carlsbergensis (19) , in which only the large (45S) precursor rRNA was found after methionine starvation. The difference most likely rests on the fact that Retel and Planta (19) examined yeast protoplasts starved for 3 h for methionine and then labeled for only 5 min with [methyl-3H]methionine.
The effects of methionine limitation on rRNA synthesis seen in yeast are also different from those reported in HeLa cells (31) . In HeLa cells, methionine limitation leads to a reduction in both 18S and 28S RNA synthesis. Nevertheless, the results of methionine deprivation in HeLa cells are distinctly different from those observed when cells are inhibited by cycloheximide (33) , puromycin (25) , or starvation for valine (17) . The clear distinction between methioninedependent effects and those of other inhibitors led Vaughan et al. (31) to propose that methylation of ribosomal precursor RNA plays a crucial role in the accumulation of the mature ribosomal species. Although the details of rRNA processing in HeLa cells (16) and yeast are different, in both cases essential methioninedependent steps can be inferred.
Recently a temperature-sensitive mutant in a hamster cell tissue culture line was described (29) . At the restrictive temperature, these cells produce 18S RNA without 28S RNA, and the 32S precursor of 28S RNA is degraded. Whether this phenotype is methionine dependent is not known.
Synthesis of methyl-deficient 20S RNA. Stable, methyl-deficient 20S RNA can be found in vegetative cells starved for methionine. This observation clearly demonstrates that the formation of such 20S RNA is not a sporulationspecific event, as previously believed (7, 11, 26) . There are, however, differences in the accumulation of this species in vegetative and sporulating cells. An understanding of these differences may permit a more complete description of the relation of 20S RNA synthesis to the accumulation of methylated rRNA.
During sporulation, unmethylated 20S RNA appears in all a/a diploid strains that have been examined (11, 26 The independence of 20S RNA accumulation from altered rINA accumulation in sporulating cells may reflect the significant physiological differences between sporulating and vegetative cells. Cells normally grow at pH 6 or below, whereas the pH of sporulation medium rapidly rises to 8.5 or 9 (4, 6). Cells do not grow vegetatively at pH 8.5, whereas sporulation medium buffered at pH 6 will not support sporulation (6, 18) . The differences in rRNA and 20S RNA production may reflect pHdependent steps in sporulating cells.
It is also possible that the observed pattern of RNA synthesis is made up of several distinct patterns from different cells. Sporulating cells are heterogeneous and not all cells in the population sporulate (6, 7), so that it remains possible that some cells produce only 26S and 18S RNA while others yield only 20S RNA (cf. Fig. 9 ). By fractionating cells into those that contain spores and those that do not, by density equilibrium banding in a centrifuge, we have found 20S RNA in both fractions (Haber, unpublished results). Finding 20S RNA in vegetative cells starving for methionine makes more certain that both methyl-deficient 20S and methylated 18S RNA accumulate in each individual cell.
Role of methylation in rRNA processing. Yeast rRNA is extensively methylated. In S.
carlbergensis, 43 sites are methylated in 26S RNA and 26 sites are methylated in 18S RNA (13) . The number of different methylating enzymes is not known, but there are likely to be. several, as several different nucleotide base methylations have been found, as well as 2-0-methylation of specific ribose sites (20) . Methylation takes place primarily or exclusively at the 35S precursor stage, and all of the methylation is restricted to portions of the molecular which become the 27S and 20S precursors of the mature, methylated 26S and 18S forms (30) .
Under conditions of methionine limitation of growth or sporulation, one finds the accumulation of methylated 18S RNA in the absence of 26S and 5.8S RNA. In addition, methyl-deficient 20S RNA which is homologous to 18S RNA also accumulates. We suggest that the 27S and 20S regions of the common ribosomal precursor RNA are processed essentially independently. Only precursor regions which are completely methylated will accumulate as stable RNA, whereas partially methylated precursor molecules will be transported to the cytoplasm and degraded. The results represented in this paper further suggest that, under conditions of methionine deprivation, methylation of at least some sites on the 27S precursor region is less likely than methylation of the 20S portion. Similarly, these may be one or more "critical sites" on the 20S region which must be methylated prior to any other sites in this region. Any 20S molecule in which no methylation of these initial sites has occurred might remain in the nucleus, protected from ribonuclease degradation, even while methylated 18S RNA accumulated in the cytoplasm. The ratio of 26S:20S:18S RNA will thus depend on the probabilities of methylating different nucleotide sequences in the common precursor molecule.
